Fusobacteria are associated with a wide range of human and animal infections (4) . They are gram-negative spindle-shaped anaerobes belonging to the family Bacteroidaceae. Fusobacteria are opportunistic pathogens that may cause numerous inflammatory and necrotic conditions. Their main site of inhabitation is the oropharynx, from where they can be transported to other body parts. Fusobacterium necrophorum may cause necrotizing tonsillitis and stomatitis, root canal infection, otitis, and, in worst cases, septicemia leading to the spread of infection and the development of abscesses in the lung and brain (17, 64, 67) . Fusobacterium nucleatum is heterogeneous and currently includes five subspecies. It is the most frequently encountered species in humans and one of the most commonly found bacterial species in periodontal diseases (6, 47, 52) . F. nucleatum is present in the dental plaque microflora of both children and adults and is closely associated with both gingivitis and periodontitis (36, 47, 63) . Due to its versatile adhesion properties, F. nucleatum can bind several host proteins (3, 12, 45, 74) as well as coaggregate with many other potential oral pathogens, such as Porphyromonas gingivalis, Bacteroides forsythus, Prevotella intermedia, and Campylobacter rectus (7, 35) .
It is believed that F. nucleatum is an important bridging organism between early and late colonizers of subgingival biofilm (63) . Like its relative F. necrophorum, F. nucleatum possesses many virulence factors, such as porin, other outer membrane proteins, and a potent lipopolysaccharide (6, 65) . Further, toxic metabolites, e.g., butyrate, propionate, and ammonia, are considered to be important in the virulence of these organisms (33, 50, 57) . In concert with other pathogenic bacteria, F. nucleatum appears to play an important part in the destruction of periodontal tissue (7, 18) . Indeed, the organism is always present in the microflora of the periodontal sites during an active disease period (48, 16) .
The reaction of host cells to microbial infection is a crucially important factor in the process of disease initiation and outcome. For instance, depending on the type and dose of the bacterial factors, infected epithelial cells can either defend themselves and eliminate the bacteria or tolerate the spread of infection or die (46) . In any of the scenarios the decisive determinant of cell behavior is the signaling system that is activated in the host cell upon infection (19, 39, 42, 58) . For instance, a specific leukotoxin produced by F. necrophorum induces signaling for apoptosis in neutrophils (50) . F. nucleatum does not express a true leukotoxin, but it can adhere to epithelial cells and invade them by exploiting the cell signaling and the cytoskeletal elements of the host cells (26, 28, 51, 73) .
We have demonstrated that in periodontitis, collagenase 3, a potent matrix metalloproteinase (MMP), is expressed by the gingival pocket epithelial cells growing into the subepithelial connective tissue (70) . Epithelial cell motility may thus be associated with local destruction of connective tissue and formation of gingival pockets. We hypothesized that certain oral pathogens may alter epithelial cell signaling and lead to increased production of destructive enzymes. We report here that epithelial cells react to F. nucleatum by activation of multiple cell signaling pathways that lead to production of collagenase 3, increased cell migration, formation of lysosome-related structures, and cell survival.
MATERIALS AND METHODS

Bacterial cultures.
Both clinical isolates and American Type Culture Collection bacterial strains were tested in this study (Table 1) . In most studies F. nucleatum subsp. nucleatum ATCC 25586 was used. Bacteria were isolated and identified and samples were prepared at the Anaerobic Reference Laboratory, National Public Health Institute, Helsinki, Finland, using established culture methods for each species (33) . After being cultured, the bacteria were washed twice with sterile phosphate-buffered saline (PBS) and stored frozen in PBS. Bacterial stocks were prepared by adjusting the optical density at 600 nm to 0.5 with PBS. An aliquot of the stock solution was added to epithelial cell culture medium to give a bacterial cell number per epithelial cell of 26 (low concentration) or 260 (a high concentration). When added to cultures over 90% of the bacteria were dead.
Epithelial wound model and immunocytochemistry. The HaCaT cell line, which consists of spontaneously transformed but nonmalignant human skin keratinocytes, was generously provided by Hubert Fusenig, German Cancer Center, Heidelberg, Germany. To create wounds, HaCaT cells were plated at 30,000 cells per cm 2 on glow-discharged glass coverslips and cultured at 37°C in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 2 mM glutamine, 100 IU of penicillin G/ml, and 100 g of streptomycin/ml for 72 h to form confluent monolayers. The cultures were scratched with a plastic pipette tip to yield "wounds" with a uniform width. F. nucleatum from a frozen stock was added to cultures for an additional 24 to 72 h. To determine the extent of wound closure, the cultures were fixed and stained with 0.1% crystal violet in ethanol and photographed under a light microscope. Other wounded cultures were processed for immunostaining by fixing in PBS containing 4% paraformaldehyde and 5% sucrose followed by permeabilization in 0.5% Triton X-100 for 4 min and blocking in PBS containing 30 mg of bovine serum albumin and 1 mg of glycine/ml, with copious PBS washes between each step. Cultures were incubated with a 1:100 dilution of polyclonal rabbit anti F. nucleatum antibody (a generous gift from Dennis Lopatin, Department of Biologic and Materials Sciences, University of Michigan School of Dentistry). To study colocalization of F. nucleatum and lysosomal membrane structures, the cultures were double stained with anti-F. nucleatum antibody and a monoclonal mouse anti-human lysosomal membrane protein 1 (LAMP-1) antibody (Development Studies Hybridoma Bank, Iowa State University, Ames, Iowa). In other experiments, the relationship of F. nucleatum infection and collagenase 3 (MMP-13) expression was studied by double staining the cultures with anti-F. nucleatum antibody and antiserum against recombinant human collagenase 3 (MMP-13) (1:500 dilution) (21) . Primary antibodies were washed five times with PBS containing 1 mg of bovine serum albumin/ml and then incubated with fluorescent secondary antibodies Alexa-488 and Alexa-546 (1:50) (Molecular Probes, Eugene, Oreg.) for 1 h. Cultures were washed twice with PBS and viewed under confocal laser scanning fluorescence microscopy (Bio-Rad, Hercules, Calif.).
Screening of protein kinases. The levels of 78 protein kinases were analyzed in control and F. nucleatum (ATCC 25586)-treated samples by the commercial Kinetworks protein kinase screening system (KPKS 1.2; Kinexus Bioinformatics Corporation, Vancouver, Canada) as described online at www.kinexus.ca. The reproducibility of the method has been given a standard deviation of 10 to 20%. HaCaT cells were grown to 50% confluence and then deprived of serum for 24 h. After the addition of F. nucleatum for 120 min, cells were collected and centrifuged. The cells were lysed by sonication in extraction buffer (25 mM HEPES, 0.5% Triton X-100, 5 mM EGTA, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 50 mM beta-glycerol phosphate, 10 mM sodium orthovanadate). The cell homogenates were centrifuged for 30 min at 15,000 ϫ g, and the protein concentration of the extracts was determined and adjusted to 1 mg/ml in sample loading buffer. Two bacterium-treated cultures were analyzed.
Collagenase 3 mRNA analysis. Expression of collagenase 3 in bacteriumtreated HaCaT cells was measured as follows. Total cellular RNA was isolated from cultured cells by a single-step method (9) . Northern blot hybridization was performed as described previously (67) (31) . A rat cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPD) was used to indicate the proportional quantities of cellular RNA loaded to the gels. Western blot analysis. Proteins of the conditioned medium were fractionated on sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were blocked overnight at room temperature in 5% (wt/vol) milk powder-0.1% Tween 20 in PBS. They were subsequently incubated for 1 h with antiserum against recombinant human collagenase 3 (MMP-13) (1:1,000 dilution) (21) in skim milk-0.1% Tween 20-PBS. The membranes were washed once for 15 min and twice for 5 min with 0.1% Tween 20-PBS, and the bound antibodies were detected with the enhanced chemiluminescence detection system (Amersham).
Zymography. For detection of gelatinolytic MMPs, serum-free conditioned medium samples from cultures exposed to F. nucleatum or F. necrophorum for 3 to 24 h were subjected to discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis, using 12% gels containing 1 mg of gelatin (G-6650; Sigma)/ ml. After completion of electrophoresis the gels were washed twice in 50 mM Tris-0.02% NaN 3 -2.5% Triton X-100 buffer (pH 7.5). The second wash was supplemented with 5 mM CaCl 2 and 1 M ZnCl 2 . The incubation buffer consisted of 50 mM Tris, 0.02% NaN 3 , 5 mM CaCl 2 , and 1 M ZnCl 2 (pH 7.5). After incubation for 20 h at 37°C the gels were fixed and stained with 0.2% Coomassie blue R-250 in 40% methyl hydroxide and 10% acetyl hydroxide and subsequently destained in 7% acetyl hydroxide. The gels were quantified by optical densitometry.
RESULTS
F. nucleatum binds preferentially to the marginal epithelial cells and stimulates their migration.
Interaction of epithelial cells and the bacteria was studied by utilizing a wound model that involved creation of scratches of uniform width to confluent keratinocyte cultures. F. nucleatum was observed to bind to selected epithelial cells of the cultures. The migrating cells of the artificial wound margins were clearly preferential targets of the bacteria. At a high bacterial concentration (260 bacteria per cell) almost all of the marginal cells had bound fusobacteria, while only 6% of the confluent cells had one or more F. nucleatum cells bound ( Fig. 1A and B) . Confocal microscopy revealed that the bacteria were localized both on the surface and inside the cytoplasm of the marginal epithelial cells. These cells remained infected after the wound margins had fused (Fig. 1C ). Even at a low bacterial inoculum (26 bacteria per cell) about 50% of the keratinocytes of the wound margin showed clear evidence of multiple bacterial invasion (Fig. 2B) . Bacterial infection may modulate the rate of cell proliferation and migration. Bacteria may also modify the effects of cytokines in infected tissue (76) . We studied the effect of F. nucleatum on the rate of closure of the epithelial wound. In the presence of transforming growth factor ␤ (TGF-␤), the closure of the wounds was considerably faster in F. nucleatum-treated cultures (Fig. 1D) . Most sites along the migrating fronts fused in cultures treated with the bacteria by 48 h, while the wounds remained open in the control cultures. In the absence of transforming growth factor ␤, F. nucleatum did not accelerate reepithelialization. There was no morphological indication of cell death in the infected epithelial cells.
F. nucleatum alters epithelial cell signaling. The behavior of infected cells depends on both the direct toxic effects of the bacteria and the cell signaling pathways they turn on. To get an overview of the signaling profile of infected cells, HaCaT cells were exposed to F. nucleatum for 120 min and the cell extracts were analyzed for levels of 78 different protein kinases, utilizing the standardized Kinetworks immunoblotting system. Forty-six known kinases could be detected in the control and bacterium-treated cells. Compared to untreated cultures, F. nucleatum increased levels of 12 kinases and decreased levels of 2 kinases by 50% or more. Many of these kinases are involved in cell proliferation and cell survival signaling (Table 2) . A particularly strong increase (about sevenfold) was observed in the cellular levels of DNA-dependent protein kinase, a kinase involved in the detection and repair of damaged DNA (15) . An increase in levels of death-associated protein kinase 1 (62) and protein kinase CK-2, an enzyme involved in cell survival (42, 43) , was observed. Levels of protein kinase C epsilon and cyclin-dependent kinases 7 and 9 were also increased in epithelial cells by F. nucleatum. Further, the bacteria stimulated levels of Etk/Bmx, S6 kinase p70, and RhoA kinase, enzymes connected to control of cell migration (1, 5, 8, 23, 55, 56) . Levels of germinal center kinase, related to stress response (40) , and G protein-coupled receptor kinase 2, involved in cell proliferation (2) , were decreased by the F. nucleatum challenge. All in all these results indicate that F. nucleatum exerts multiple effects on epithelial cells involving DNA damage and cell activation. As a result, signaling for cell survival, cell proliferation, and cell migration is stimulated in infected cells.
F. nucleatum induces formation of lysosomal structures in epithelial cells. Bacterial invasion of host cells may lead to formation of lysosomes or lysosome-related organelles (14, 24) . Because proteases and other lysosomal constituents are known to participate in both bacterial killing and other critical functions in a cell-specific manner (11), we double stained the infected epithelial cell cultures with antibodies against LAMP-1 and F. nucleatum. The bacteria markedly induced the formation of lysosomal structures in the perinuclear region of the cells (Fig. 2) . LAMP-1 colocalized in areas of F. nucleatum invasion in most cells. In some marginal cells positive for LAMP-1, only weak punctate F. nucleatum staining was evident, suggesting that substances or membrane fragments released from the bacteria are sufficient for signaling formation of lysosome-related structures. Alternatively, bacteria were degraded inside the epithelial cells. 
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Collagenase 3 (MMP-13) and gelatinase B (MMP-9) expression is stimulated in fusobacterium-treated epithelial cells. We have previously observed that in the infected pocket epithelium of periodontitis patients cells migrating into the underlying connective tissue express collagenase 3, a wide spectrum MMP (68) . We studied, therefore, if bacteria can induce collagenase 3 in epithelial cells. We incubated HaCaT keratinocytes in the presence of 13 anaerobic oral bacteria and measured collagenase 3 mRNA levels in the infected cells. The Northern signal was evident as a double band, as previously reported (31) . Collagenase 3 expression was stimulated in F. nucleatum-and F. necrophorum-infected cultures by about three-and fivefold, respectively. Porphyromonas endodontalis and Prevotella denticola also increased collagenase 3 expression (Fig. 3A) , while there was little or no stimulation by the other nine bacteria studied (results not shown). A functional MMP assay utilizing zymography of the cell culture medium showed that F. necrophorum induced secretion of two gelatinolytic proteases of about 58 and 52 kDa (Fig. 3B) . Similar MMP induction was observed in F. nucleatum-treated cells (data not shown). Solubilized F. necrophorum or F. nucleatum control samples revealed no gelatinolytic bands as measured by a zymogram (data not shown). Western blot analysis confirmed that the 58-kDa protease was pro-MMP-13. pro-MMP-9 (92 kDa) secretion was increased about twofold by F. necrophorum (Fig. 3B) . Bacterial exposure of the epithelial cells for 5 or 11 h stimulated MMP production to about the same extent. Western blot analysis indicated that increased secretion of MMP-13 by F. nucleatum could be detected already at 3 h and continued at least for 24 h (Fig. 4) . Confocal microscopy of epithelial cell cultures double stained for F. nucleatum and collagenase 3 indicated that the cells at the wound margin that were infected with the bacteria stained markedly more intensely for collagenase 3 (Fig. 5) . Collagenase 3 was localized in these cells throughout most of the cytoplasm, and the enzyme did not colocalize with intracellular F. nucleatum.
Collagenase 3 expression by F. nucleatum involves p38 MAP kinase activity. It was shown previously that expression of on February 20, 2013 by PENN STATE UNIV http://iai.asm.org/ collagenase 3 by cytokine-treated keratinocytes is dependent on the activity of p38 MAP kinase (32) . Further, the membrane fraction of F. nucleatum activates p38 in epithelial cells (37) . We therefore tested if p38 or ERK MAP kinase activity is involved also in the induction of collagenase 3 by F. nucleatum. SB 203580, an inhibitor of p38, almost totally inhibited collagenase 3 mRNA expression and reduced secretion of the proteinase to the control level, as assessed by Northern and Western blot analysis (Fig. 6 ). The ERK pathway inhibitor PD 98059 did not have any effect on collagenase 3 induction (data not shown).
DISCUSSION
Our study demonstrated that F. nucleatum selectively adheres to epithelial cells in culture. In the epithelial wound model central cells surrounded by other cells had relatively small amounts of surface-bound or intracellular F. nucleatum. In contrast, migrating cells in the wound margins were preferentially and heavily associated with the bacteria. We had earlier observed the same phenomenon with Treponema denticola invasion into cultured epithelial cells (71) . Marginal cells with a free edge have more adhesive surface than more mature cells that are in contact with their neighbor cells (72) . This appears to be due to different distributions of cell surface receptors during different physiological cell stages. For instance, we have observed a dramatic increase in KGF-1 receptor levels in wound edge epithelial cells compared to confluent cells (20) . Interestingly, the cells remained infected after the margins of the epithelial wounds had fused. There was no clear morphological indication that the infected cells had impaired function. In fact, closure of the wounds took place much faster in F. nucleatum-treated cultures, indicating that F. nucleatum is able to stimulate cell growth or migration. These findings suggest that in ulcerative epithelium with increased cell proliferation and migration certain bacteria are able to invade a subpopulation of cells and stay inside them without interfering with host cell viability. This kind of situation exists in inflamed periodontal pockets that have a chronic condition of microulcerations, loss of epithelial cell contacts, altered integrin expression, and increased cell growth (27, 66) .
The infected wound edge cells were found to produce lysosome-related structures upon F. nucleatum invasion. Lysosome membrane-specific protein LAMP-1 colocalized with intracellular F. nucleatum. It is unclear if this reflects an attempt by the cells to eliminate the bacteria or if F. nucleatum exploits the epithelial membrane system for living inside the epithelial cells or both. Cells with free margin are able to perform active phagocytosis (72) . Because in our culture system most of the bacteria were dead it is not likely that the bacteria actively invaded the cells (28) . Rather, the epithelial cells at the wound edge internalized the bacteria. Indeed, cytochalasin D, which disrupts actin function required for phagocytosis, totally blocks the uptake of F. nucleatum (28) . It has been shown that the membrane fraction of F. nucleatum stimulates cultured epithelial cells to produce ␤-defensin 2, a potent antimicrobial peptide (38) . Further, of the studied putative oral pathogens, F. nucleatum is one of the best inducers of tumor necrosis factor alpha (TNF-␣) and interleukin-8, a neutrophil chemotactic cytokine (28, 38, 61) . These findings suggest that epithelial cells attempt to eliminate the infecting bacteria. However, F. nucleatum appears to resist the antimicrobial effects of the cells. In our culture model system F. nucleatum persisted inside epithelial cells even after the wound edges had fused. Possibly F. nucleatum is able to interfere with the phagosome-endosome system and prevent normal fusion of lysosomes with phagosomes. This survival strategy is utilized by some intracellular bacteria, e.g., Salmonella and Brucella (13, 14, 19, 24) . These bacteria reside inside intracellular vacuoles that contain lysosomal membrane proteins but not the normal content of lysosomes, such as cathepsins.
Upon exposure to pathogenic bacteria the epithelial cell has to make a decision whether to try to eliminate the invader through its own antimicrobial systems, signal professional defense cells for help, repair the damages, or commit suicide through apoptosis. We studied if the cell signaling profile provides evidence for the direction taken by F. nucleatum-treated a Semiconfluent HaCaT cells were cultured in Dulbecco's modified Eagle's medium the absence of serum for 24 h. A suspension of F. nucleatum (ATCC 25586; 260 bacteria per cell) was then added to the culture medium for 2 h Cells were then collected, washed, and extracted for Kinetworks protein kinase profiling, involving Western blotting for 78 kinases.
b The values are averages of areas of scanned bands of the blots normalized to correct for differences in the protein content of the samples. The treated samples varied 2 to 28% from each other. Only values showing at least a 50% difference between the control and both of the treated cultures are shown. (62) and protein kinase C epsilon, which is known to increase TNF-␣ levels in macrophages (10, 60) , suggests that some of the cells are proapoptotic. F. nucleatum has been shown to cause apoptosis of mononuclear cells and neutrophils (30) . On the other hand, several kinases connected to cell repair and survival were also increased in the F. nucleatumtreated cells. The biggest increase (sevenfold) was observed in DNA-activated protein kinase, which is a key player in signaling of DNA damage, leading to repair of DNA double strand breaks and preventing apoptosis through activation of the NF-B transcription factor (15) . Etk/Bmx kinase, which was increased in the treated cells, is also related to cytoprotection and adaptive responses against environmental stress (1, 8) .
Another important regulator of cell survival that was increased by F. nucleatum is casein kinase 2. The enzyme resides in many cellular compartments and participates in the phosphorylation of a broad array of cellular target proteins, thereby participating in regulation of a complex series of cellular functions, including the control of cell cycle progression and the maintenance of cell viability. Casein kinase 2 also has an antiapoptotic role by protecting regulatory proteins from caspase-mediated degradation (42, 43) . Other kinases whose levels were elevated in cells treated with F. nucleatum are important in the control of cell proliferation (cyclin-dependent kinases 7 and 9) and cell migration (59) . Etk/Bmx is known to induce membrane ruffling and cell motility through regulation of the actin cytoskeleton (1, 8) . RhoA kinase and S6K (p70), which were also increased by F. nucleatum, are other important players in the complex regulation of cytoskeletal organization, focal adhesions, and cell migration (22, 23, 69) . Even though analysis of protein kinase levels as performed in this study gives only a limited view of cell signaling and does not take into account activation of the kinases, it points to the conclusion that pathways involved in cell survival, cell proliferation, and cell migration are prevalent in F. nucleatum-treated cells. This view is supported by our cell culture experiments, which showed an increased rate of epithelial migration and no morphological evidence of impairment of cell function upon exposure to the bacteria.
MMPs are a family of 25 neutral proteinases involved in many aspects of tissue remodeling and cell motility (34, 49, 53) . We have found previously that gingival pocket epithelial cells invading the subepithelial connective tissue are producing collagenase 3, which is able to degrade a variety of proteins, including interstitial collagens (70) . Collagenase 3 appears to be critical in normal tissue metabolism and homeostasis, but it also has an important role in inflammation, tumor invasion, and metastasis (21, 29, 31, 34, 41) . We have shown that collagenase 3 is stimulated by cytokines, such as TNF-␣, keratinocyte growth factor, TGF-␣, and TGF-␤, through activation of p38 MAP kinase (32, 70) . We wanted to study if some potentially pathogenic bacteria can directly activate collagenase 3 production in epithelial cells. Of the 13 oral anaerobes, F. necrophorum and F. nucleatum were among the species increasing collagenase 3 mRNA levels in cells. Even though F. necrophorum and F. nucleatum are similar, they differ in their virulence and association with different diseases. It appears, however, that they share the ability to induce MMP production in host cells. Stimulated collagenase 3 protein production could be observed by Western blotting and zymography of the cell culture medium. Furthermore, in the epithelial wound assay, collagenase 3 staining was markedly more increased in infected cells of the wound margin. Interestingly, collagenase 3 induction by F. nucleatum also involved p38 MAP kinase activation. Previously, p38 activation has been found to be involved in ␤-defensin 2 and interleukin-8 production in epithelial cells treated with F. nucleatum (37) . Because collagenase 3 secretion was clearly elevated in the culture medium by 3 h following F. nucleatum challenge, it is unlikely that the induction is due to production of MMP-inducing cytokines in the epithelial cells. In addition to degrading extracellular proteins, collagenase 3 may be related to migration of epithelial cells. It is one of the enzymes shown to cleave laminin 5 and convert it to a form conducive for cell migration (25, 54) . In gingival pocket epithelium, collagenase 3 induction was observed in cells staining for laminin 5 (70) . Other MMPs, such as MMP-2 (gelatinase A), MMP-7 (matrilysin) and MMP-9 (gelatinase B), that we found stimulated by F. necrophorum have been shown to be involved in cell migration (44, 49, 53, 69) . Analogously, Helicobacter pylori has been found to stimulate MMP-7 production and thereby increase migration of gastric epithelial cells (75) . This study shows that F. nucleatum is able to adhere to epithelial cells with free edges and turn on signal transduction pathways related to cell survival and cell migration. Cell migration stimulated by F. nucleatum may be related to induction of collagenase 3. Through stimulation of collagenase 3 and cell migration F. nucleatum may be involved directly in gingival pocket formation during periodontal disease.
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